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1.0 INTRODUCTION 


This report describes Che work conpleted on the fuel sprey 
chsrscterlzstlon of s verlety of cosHMrcisl fuel injectors* ss pert 
of a NASA Levis Research Center Prograil of research and technology 
development related to general aviation aircraft engines. Overall • 
the program has the objective of establishing and demonstrating the 
technology that can sak'ely reduce the fuel consumption and emissions 
oi' aviation piston engines. 

ImprovesMnts in the combustion efficiency can be achieved 
through Improvements to the fuel/air preparation prior to combustion. 

There is a substantial Influence resulting from the mean and turbulent 
flow characteristics in the mixing chambec and in the combustion on 
the energy release and pollutant formation. Thus* a thorough docu- 
mentation of the fuel/alr mixing Including the droplet size distribution* 
fuel droplet and air velocities* size-velocity correlations* number 
densities and spatial distributions are vital to the development of 
energy efficient engines. 

In the present report* eight coimiercial spark-ignition engine 
manifold port fuel injectors were tested at five test conditions each. 
Three of the simulated manifold test conditions were idle* takeoff* and 
cruise for all eight injectors. The remaining two test conditions 
varied depending on the type of injector being tested. Data were obtained 
at sixty spatial locations for each injector test condition. The Spectron 
Droplet Sizing Interferometer (DSI) was utilized in the acquisition of 
these data which included the size and velocity dlstcibutlons and the 


•ls«-v«loclty corr«lacipna . Th««« data ara tinlqua In that pravioua 

nonlntrualva tachniquaa could not prpvlda aiaultaneoua aim and 
valoclty aanaurcnanta in high nuabar denalty apraya. 

A brief daacrlption tha Mosuranant techniqua ia glvan in 
tha naxt aaction along with that of tha taat facility* Tha teat 
procaduraa and data acquialtion ■atrlcea are also docunentad in thia 
aaction. Coaawnta and diacuiaion of the data are given to aaaiat 
tha uaar in evaluating tha data and to provide axplanationa of any 
dlacrapanciaa. Sona racoapandatlona for future Work ara alao given* 


2.0 


ATPAKATUS DBSCUPTIOM 


In thn following ••ctlono* th« InstruMntatlon, tMC rlg» and 
fuel injoctoro nr« doner ibod. 

2.1 Droplot Sioino Inter forot tor 

Tho droplot olxlng IntorforoMCor (OSl) woo dovlood by Bocholo 
(Appendix II) to fulfill the need to aako aiaultoneoua droplet alzo end 
velocity ■eoourcBonto in high nui^or donolty oproya. Thin aethod io 
oaeontially o loser Doppler velociaeter with the additional capability 
of being able to aeasure the droplet size. Figure 1 is the optical 
configuration required in the utilization of the technique. Briefly, 
the laser beaa is partitioned into ttro equal intensity beaas and then 
focused to a crossover region. Light scattered by droplets passing 
through the crossover region is collected by the receiving systea situated 
at soae off-axis angle (e.g.. 30*). The intersection of the iaage of the 
photomultiplier tube aperture and the focused beasu foras a very small 
probe cross-section allowing measurements in high number density sprays. 

A detailed description of the aethod is given in the paper included in 
Appendix II. 

With this method, the droplet velocity is detemined from the 
Doppler period (high frequency cOiiVOnent) of the signal (Figure 2) using 
the following expression 

U(dj^.t) - 6 f j, (1) 

where 5 is the interference fringe spacing in the probe volume and f^ 
is the Doppler frequency . Droplet size is obtained from the same signal 


COLLECTING SYSTEM 



Figure 1. Optical Configuration of the Instrument. 
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(A) DOPPLER BURST SIGNAL 



(B) PEDESTAL COMPONENT 



(C) DOPPLER COMPONENT 


FIGURE 2. DOPPLER BURST SIGNAL SHOWING THE DOPPLER 
AND PEDESTAL COMPONENTS. 
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by Btasurlng ch« algnal vlilbllity which is ths ratio of tha Dopplar 
coaponant (Figura 2^ to tha padaotaX coaponant* Tha visibility is than 
ralatad to tha diaiiinaionlasa paraaatar» d/d. In addition to producing 
tha MsauraBant of tha siaa and valocity for aach droplat passing 
thtough tha proba voIubm, tha siza dataraination is not affactad by 
attanuation of tha lasar baaa or tha scattarad light. This ia an 
iaportant faatura whan aaaauring in dansa sprays and coabustion anviron- 
aanta. 


2.2 Meaauranent Capabilitiea 

Valocity 

The neaaurement of the gas phase and droplet velocitiea in cold 
sprays with, the BSl instriment produced by Spectron pevelopaant Laborer 
tories is relatively stralghtfocward. Gas phase velocity is obtained 
by measuring the peciod of the Doppler burst signal obtained from small 
particles (1-2 pm) that will adequately respond to the turbulent fluctu-^ 
ations of the gas phase. When obtaining these measurements in the presence 
of fuel spraysi the simultaneous measurement of the particle size is re- 
quired. Otherwisef it is impossible to separate signals from droplets 
which may not respond to the gas phase motions. The on-line signal 
processing and data management computer is capable of scoring the size 
and velocity of each droplet passing through the measurement volume at 
rates as high as 10.000/sec. These data pairs are stored directly in 
memory and later analyzed to produce the droplet and gas phase velocities 
and Che size-velocity correlations. 


By orientating the intarfaranca Iringa pattern In two orthogonal 
diracttons» the atraaawlaa (U) and tranavaraa (V), velocity conponanta 
can be datarminad^ With the additional aixa inforaation, t)^ accuaulatad 
valocitiaa can be aaparatad by aiza incraaant. Thua» U(d^,vt) t V(d^it) 
ata obtained where the d|^ are the droplet aiza intraaanta and t indicataa 
that thaaa are inatantanaoua raalizatlona . Aaeuaing that the air flow 
and •pray valocitiaa are atatiatically stationary^ the tiae avaragaa are 
used to obtain the aaan and ras fluctuating velocity for each aiza incraaant. 
That it 

N 

U (d^) (d^tt) (2) 

J-1 H 


and 

Typically, 3,000 Instantaneous droplet measurements are used to produce 
the probability density distributions used. 

The measurement of the transverse velocity components and in 
recirculation regions usually requires frequency shifting. Frequency 
shifting causes the interference fringe patterns to appear to move at 
the shift frequency. This frequency offset allows the measurement of 
the small traverse velocity component and the resolution of the directional 
ambiguity in recirculating flows. With frequency shifting the velocity is 


<U» 


(di)> 


• ' “‘’)l 


1/2 


(3) 


^ 7 - 


U (d^»t) 


( 4 ) 


2 sin 6/2 


vh«r« f_ If the Doppler frequency and the ahift frequency) 


Droplet size 


The individual droplet aize measurenenta are accumulated in 
histogram form to obtain the size distribution and the various mean 
diameters. Various mean diameters used in spray analysis including 
the linear, surface, volume, and Sauter mean diameters are obtained 
from the following expression: 


' 'J 




V 


"i’. 
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For example, d^Q ie the linear mean and d^j i* the Sauter mean 
diameter. 

Fuel flow or droplet number density can also be evaluated since 
the meanurmient cross**sectlon is defined and the number and size of 
parclcles passing the measurement cross-'section per unit time is measured. 












Siaultaiiiouit BMiaauir«iMinK of tU« dtopitfe ■i|o «nd vo^4i&lty of 
tho dropittco Allowi ev«lu«tioii of thi dropltt •4*t-»v«loclty coctralii- 
tlont» thoso data dimcfiba tha taipoiiaa of tha vatiooa dtoplat alzaa 
to tha pravalant gaa phaaa cohdltiona . Raaponiia of tha talatlva droplat 
alzaa can ba uaad» fot axaapla, to aati»!iata tha ptobabillty of downattaan 
dcoplat colllalona and tha talatlva droplat Raynolda nuMbar « High tala- 
tiva Raynolda nuabat vlll Induca citftulatlon within tha droplat which In 
turn Incraaaaa tha heat axohahgi and raducaa tha chanca of droplat avapo- 
ration* Tha valoclty of tha gai phaaa falatlva to tha fual will Incraaaa 
tha local oxygan aupply to tha f nil and tha ramoval of tha vapotlzad 
fual from around tha fual droplat* 

2.3 Daa crip cion of tho Taat facility 

Tha cast rig and facilitiaa for thlt program warn provldad by 
tha Ganaral Elactric Aircraft Rnglna Group. Racauaa of tho high volt, 
matric flowrates required In this test, tha Ganaral Elactric faclllclas 
ware daamad most sultabla. 

A schamatic drawing of tha fual Injactoc test rig is prasantad 
in Elgura 3* Photographs of tha teat riR installod in tha combuation 
laboratory tost call ara prasantad In figuras 4 and 5. Tha tasc aaction 
aasambly consistad of an inlat tranaition duct, a squara tast aaction and 
an axle transition duct that wai idantlcal to tha inlot duct. A dasign 
drawing of tha transition sactlon is praiantad in Plgura 6. This duct 
was 18 inches long with an 8-inch dlamatar pipe flanga at tha Inlet and 
and a 10-inch square section flange at the exit and of the duct. Tlia 
tast section drawing is prosentod in figura 7. This section was 10 Inciiea 
square and 24 tnehas long wltlv two 8-iiich by 11-lnch ractangular windows 
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FIGURE 4. FUEL INJECTOR TEST RIG INSTALLED IN TEST CELL 
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nGOB£ 6. ISAMSITION SECTIOM 
























on oppoaltc fidawalli. Optical quality glaaa la uaad for tha wlndowa 
with a aurfaca llatneaa of ona-half wava langth par inch. 

k atandard ASME orlflca plata waa uaad to aaaaura tha airflow 
antarlng tha teat rlg« Tha airflow then paaaed through a large filter 
to renove all tracea of oil froa the air ahead of the teat rig. The 
fuel Injectora were wunted In a atreaallned fuel injector holder that 
waa dealgned to nlnlmize wake reglona downatream of the fuel Injection 
point. Thla holder dealgn la llluatrated in Figure 8. 

Fuel preaaure and fuel teBperature were neaaured at the entrance 
to the teat rig. Airf low. total preaaurer atatlc presBure, and total 
temperature were measured at the fuel Injection plane. 

After leaving the test section^ the fuel and air mixture turned 
through a 90«degree pipe section and passed through a straight pipe to 
a steam ejector which was used to obtain low pressure levels In the test 
section. The fuel-air mixture then passed through a fuel scrubber stack 
to remove the fuel before the flow was exhausted to the atmosphere. 
Liquid fuel from the test section was continuously drained through a 
fuel drain valve ahead of the 90-degree pipe section. 
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3.0 PIOCEDURE 


3.1 Fu«l Analvli 

Th« fuel wi> purchastd 1 r a lot of 500 gallons, Cloonarclal 
grada 100/130 octane aviation fuel vaa acquired for the test aa apeclfled 
in the IFF. Teats were conducted by General Electric peraonnel to obtain 
the specific gravity, viscosity and the surface tension of the fuel at 
75*F, In addition, the Index of refraction which was required for the 
droplet size Beasurementi vas also measured. The fuel analysis results 
are given below as Table 1. 


TABLE 1 


■ 1 : ; 

GRADE 100/130 AVIATION GASOLINE 

Values 

at 23.9*C (75*F) 

Specific Gravity 

0.6895 

Viscosity 

6.2 X 10 ^ m^/s 

Surface Tension 

2.1 X 10“^ nt/m 

Refractive Index 

1.3906 


3.2 Hozzle Calibration 

The eight (8) fuel injectors were Individually tested to 
determine fuel pressure when a fuSl flowrate was specified or flowrate 
when a fuel pressure was specified. These tests were done In the G.E. 
Nozzle Test Laboratory with the results tabulated in Table 2. 



TABLE 2 


TEST 

POINT 

1 

2 

3 

4 

5 

6 

7 

8 
9 


INJECTOR 


BENDIX-74151 


tCM-63308-13E 


FUEL FLOW 
Ib/hr 



1.2 

( 2 . 6 ) 

11.6 

(25.6) 

20.0 

(44.1) 

1,2 

( 2 . 6 ) 

11.6 

(25.6) 

1.3 

(2.9) 

13.0 

(28.7) 

24.0 
(52.9) 

1.3 

(2.9) 


FUEL PRESSURE 
(nt/m2) 


4.5 
(3.1 X 

7,0 . 

(4.8 X 10^) 

A 

(*) 

4.5 

(3.1 X 10^) 

* 

(*) 

2.5 

(1.7 X 104) 

(5.7x 10^) 

* 

(*) 


10 


13 .0 

2.5 . 



(28.7) 

(1.7 x 10^) 

11-15 

BENDlX-1606771 

39.7 

^0.0 . 



(87.5) 

(2.8x105) 

16-20 

BENDIX-1607247 

49.9 

40.0 



(110.0) 

(2.8 x 105) 

21-25 

LUCAS-073143 

41.8 

40.0 



(92.2) 

(2.8 X 105) 

26-30 

SIMMONDS-571341 

221.0 

80.0 



(487.3) 

(5.5 X 105) 

31-35 

BOSCH-0437-502-004 

10.0 

48.0 



(22.1) 

(3.3 X 105) 

36-40 

BOSCH-0280-150-1S1 

25,1 

40.0 . 


(55.3) (2.8 x 105) 

* These values below sensitive range of the instrumentation 


During the course of the tests, the injector condition given in 
the test matrix (pressure or flowrate) was set. A turbine vane flow- 
meter was used to measure flowrates during the testing. The low flowrates 
were achieved by utilizing a ro tome ter in the fuel line. 
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3.3 Airflow Uniforaity 


f«ati vara conductsd •arly in ih« progrui to inaura chat cha 
aitflova ganaracad in tha taat rig vara unifora acroaa tha taac aaction. 

A pitot proha waa uaad for thia taat. Tha raaulta of that taat ara 
givan in tha Includad aatrlx (Tahla 3)* 

Additional taaCa vara aada which ahowad that aoaa of cha daairad 
air valociciaa (225 f /a, 260 f/a) could not ha achiavad in tha taat rig 
dua to the prohihitiva air Baaa flowa raquirad. Sinca ahaar hatwaaii 
tha airflow and cha injactor droplaca ia dapandant upon chair ralaciva 
valocicyi a oiathod of increasing tha air velocity was dayisad. The 
rig was fictad with a close mesh screen at tha inlet to the 10" x 10" 
test section. The screen had a 6" diameter hole in its center to allow 
free flow of air in the vicinity of the notzle while res tricting the air^ 
flow at the periphery of the test section . This resulted in non-uniform 
flow at the plane of the nozzlci but increased air velocity near the 
nozzle exit. 

3.4 Nozzle Test Matrix 

Testa were made on eight (8) fuel nozzles with five (S) different 
operating conditions on each. The fuel/air preparation test matrix is 
shown in Appendix 1, representing the forty (40) injector test points. 

At each test pointi data was taken at six (6) horizontal planes represent- 
ing varying downstream distances from the injector exit, in each plane, 
ten (10) Indiyidual spatial points were selecced to represent the spray 
condition in that plane. At each spatial point, 3,000 data samples were 
taken for both droplet size and velocity. ^ ^ 
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TABLE 3 
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HASA^^LEWIS INJECTOR TEST RIG 
AIR INLET — ' ^ 

PI _Ap T Wa Orlflc# (Shop) - 2.416" 


Pol 

"H 20 

r 

PPS 

00 

i 60 

45 

2.0 


PROBE 

POS. 

1" 

TUNNEL PRESSURE LOCATION ("H 2 O) 
2" 3” 4” 5« 6" 

7" 

8" 

9" 



wmmmmrn- 






.5 

7.0 

6,8 

6.8 

6.8 

6.7 

6.8 

6,8 

6.8 

6.9 

1.0 

6.9 

6.0 

6.8 

6.8 

6.8 

6.8 

6.9 

6.9 

6.9 

1.5 

7.0 

6.9 

6.8 

6.8 

6.8 

6.8 

6.9 

6.9 

6.9 

2.0 

7.0 

6.8 

6.8 

6.9 

6.9 

6.9 

6.9 

7.0 

6.9 

2.5 

6.8 

6.8 

6.9 

6.9 

7.0 

6.9 

7.0 

7.0 

6.9 

3.0 

6.9 

6.8 

6.9 

7.0 

7.0 

7.0 

7,1 

7,1 

7,1 

3.5 

6.8 

6.9 

6.9 

7,0 

7.0 

6.9 

7.1 

7.2 

7,3 

4.0 

6.9 

7.0 

6.9 

7.0 

7.0 

7.0 

7.2 

7.3 

7.3 

4.5 

7.1 

7.0 

7.0 

7.0 

7.1 

7.1 

7.2 

7.4 

7.4 

5.0 

7.0 

6.9 

7.0 

7.0 

7.1 

7.1 

7.2 

7.4 

7.5 

5.5 

6.8 

7.0 

7.0 

7.0 

7.1 

7.1 

7.3 

7.4 

7.5 

6.0 

7.0 

7.0 

7.1 

7.1 

7.0 

7.2 

7.3 

7.5 

7.6 

6.5 

6.9 

6.9 

6.9 

7.1 

7.1 

7.2 

7.3 

7.4 

7.6 

7.0 

7.0 

6.9 

6.9 

7.1 

7.0 

7.1 

7.3 

7.5 

7.6 

7.5 

6.9 

6.9 

6.9 

7.1 

7.1 

7.1 

7.3 

7.5 

7.6 

8.0 

6.9 

6.9 

6.9 

7.0 

7.1 

7.1 

7.3 


7.7 

8.5 

7.0 

6.9 

7.0 

7.0 

7,0 

7.2 

7.4 

7.5 

7.7 

9.0 

6.9 

6.9 

7.0 

7.0 

7.1 

7.2 

7.3 

7.3 

7.6 

9.5 

6.8 

6.8 

6.9 

7.0 

7.1 

7.1 

7.3 

7.2 

7.4 

10.0 

6.8 

6.9 

6.8 

6.9 

7.0 

7.0 

7.2 

6.9 

7.1 

Fs 

6.5 

6.5 

6.5 

6.5 

6.5 

6.5 

6.5 

6.5 

6.5 
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TIm Injector test point* v*r* chosen to slnulete verlou* piston 
engine operetlng conditions. Chenges In fuel flow, fuel pressure, 
tunnel sir pressure, tunnel sir speed » end shroud sir pressur* were 
■sde to conpere Injector etoalzetlon over portions of the EPA five-node 
elrcreft operating cycle. The Injectors vers stsnderdt conBerclelly 
evellsble nodels; 4 aschenlcelly operated sAd 4 electrically operated . 

The electronic nozzles were run with the required operetlng voltage 
constantly epplled during the test (Injector always open). 

The test plenee below the Injector exit were noclnelly 0.5''i 1.0", 
1.5”, 2.0'^, 3.0”, 4.0”. Within each plane, 10 spatial locations were 
selected by the operator to aoet fully describe the flow In the plane. 
Spray boundaries in at least two directions were made with the remaining 
points distributed along one or two radii of the spray. At times, 
complete non-synmetry of the spray made the best selection of spatial 
points difficult. 



A.O RESULTS 


4.1 Test Point Condition! 

The fuel/alr preparation test matrix la found in Appendix 1 
along with the actual aettlnga of the nozzle test rig and readings of 
the rig flow Instrumentation. Abbreviation of the test points occurs 
throughout the results. These abbreviations are explained In Table 4. 
The test rig airflow was set by way of pressure drop acrcas an orifice 
plate. Air mass flow was read from the orifice calibration curve. Test 
section diagnostics (total pressure, static pressure, temperature) were 
B^de at the nozzle exit plane simultaneously on opposing (North, South) 
walls. Fuel flow was set by pressure or flowrate as mandated by the 
test matrix. A turbine vane flowmeter was placed In the fuel line to 
measure fuel flow. Its calibration curve gave Ibm/hr fuel as a function 

f 

of Vane rotations/second. 


TABLE 4 


TEST 

POINT 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

23 

24 

25 

26 

27 

28 

29 

30 

31 

32 

33 

34 

35 

36 

37 

38 

39 

40 


TEST POINT NOMENCLATURE 


ABBREVIATED 

NOMENCLATURE 

B1 

B2 

B3 

B4 

B5 


INJECTOR 

' |--T— F-jn;-— : 

I ! 

BENDIX - 74151 
Alr-Asslscedr Mechanical 


T6 

T7 

T8 

T9 

TIO 


I Alr-Asslated, Mechanical 


Bll 

B12 

B13 

B14 

B15 


BENDIX - 1606771 
Eleccronlc 


B16 

B17 

B18 

B19 

B20 


\ 

, BENDIX - 1607247 
Electronic 


L21 

L22 

L23 

L24 

L25 


LUCAS r 073143 
Eleccronlc 


S26 

$27 

528 

529 
$30 


( SIMMOND$ - 571341 
I Mechanical Pintle 


B031 

8032 

B033 

B034 

B035 


1 BOSCH - 0437-502-004 
Mechanical Pintle 


B036 

B037 

B038 

B039 

B040 


BOSCH - 0280-150-151 
Eleccronlc 
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A. 2 Individual Spatial Data 


This data la found on a polnt-by>polnt baala In the Coaprahanalve 
Data Rbport (SDL No. 80-2122-13C) . The droplet alze data la both plotted 

i * 

and {listed on each printout. Alao found on the conputer llatlnga ate 

i : ■■■ 

the varloua mean diameter calculatlona and the alze-valoclty correlation 
reaulta. The listings are explalACci In Figure 10 and the formulae for 
the mean calculations are given In Figure 11. 



Dat« of Data Acqxilsition «-i» 

Farapatera of the { 

Configuration 

I 

Si!xa Hiatogras 
IMpC COUNT - Maxlnr^ 
of tha ordlnata (< >4:^. . 

Tlila plot la given ic. 
llluatratlon of this 
trlbutlon. Quantiriitiva 
raaulta ara cabulatad 
balov. 


mm. 




Tabulation of size 
blatogram data giving 
alza (microns) and 
numbar of counta In 
that alza bln. 


Plot of velocity 
(ordinate) vs. size 
(abscissa). 

HAX VELOCITY ^ Maximum 
value of the ordinate. 


K 

M 

I 


SIZE 


» i - i-r - Y I 







80^2122-13F-25 

.SERIES refara to the 
teat point condition 
(B1-B040) 

RUN refara to apatlal 
locatlona aa follows: 

RUN Z/X/Y 

Z la tha plane located 
Z Inchaa dovnatreaa of ^ 
the nozzle exit. 

X»T ara coordinates with- 
in that plana given in 
mlllisMCera (aee Fig 9 ) . 


w 




^ I ^ 


‘TOTAL COUNT - Number of 
aamples collected. 

All mean values given in 
microns (see Fig 11) . 

Velocities are glyeh In 
me ter s/aecond . 

TOTAL RUNTIME - The tine 
required to acquire the 
data for thla run. 




i--'. 


SI2C-VCtOCtTY COMfCLATIPHS 




I ., 4., » , » t ,»■ » » ♦ i 


The size-velocity correla- 
tion divides the size range 
(9.1 - 65.5 microns in this 
case) into 13 to 16 bins 
and correlates the velocity, 
for all points within each 
*of those bins. 



DIA. (MICRONS)* 
the size bin. 


Center of 


U 

s»w. 


FIGURE 10. COMPUTER LISTING FORMAT 


- TOTAL NUMBER OF BINS 

- NUMBER OF COUNTS IN BIN .1 

- DIAMETER OF DROPLETS IN BIN 1 

- VELOCITY OF DROPLETS IN BIN 1 

Nj_ 

T 

T^ - TOTAL NUMBER OF COUNTS IN ALL BINS 

i-1 


LINEAR MEAN DIAMETER, ^ d^ 

^ 1-1 


SURFACE MEAN DIAMETER - ^ 


VOLUME MEAN DIAMETER 


^”t \i; 

E -i) 


1/3 


T 

N, 


SAUTER MEAN DIAMETER - 


T 

E 

1-1 


N. 


IS **1 \ 

1-1 


STANDARD DEVIATION 


- (t g 


1/2 


N. 


nEAN VEIiOCiTY , it — 


1-1 


RMS VELOCITY - I 


i*-‘ s 


(u^ - u)^ 


) 


1/2 


FIGURE 11. STATISTICAL FORMULAE 
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4> 3 Planar Daf 

A sinnary of spatial data la prasantad In tha planar plots of 
tha CoDprahansiva Data Raport (SDL No. 80*2122-130). Theaa plots show tha 
locations of the individual data points and rastata tha linear naan 
dlanatar and naan velocity at each point. Points on tha parlaatar of 
the spray field are denoted (SB) for spray boundary. Questionable data 
are Indicated by an aatarlak. (*). These data are In doubt dud to errors 
In acquisition or reduction, cxceSSivaly high droplet number densities, 
or the determination by the operator that the spray had not yet broken 
up into droplets* Also Included on the planar data sheets Is a slKpla 
mean calculation meant to represent an average value for the entire 
plane. 

4.4 Nozzle Averages 

A further compression of droplet size and velocity data Is given 
in the nozzle averages of Table 5. This table allows a rapid com- 
parison of planar averages for each nozzle along with nominal air 
velocity and nozzle pressure drop for each condition. Air velocities 
are converted to meters/sec to compare with measured droplet velocities. 
Also, the addition of an upstream screen to the test section inlet (See 
Section 3.3) should have had a large effect on «.lr velocities although 
this effect was not characterized. 

Of the 40 nozzle conditions Investigated, Only test point 4 
failed to produce an atomized spray. As such, no data was obtained 
from this condition and no results appear In this section. 
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TEST 

OOMftITIOR 

Bl 

Ap«9.0 palA 
V^16,7 ■/• 


B2 

Ap"7.2 ptla 
V^68.6 wjm 


B3 

Ap*7.9 psla 
V-79.2 ■/• 


B5 

Ap>ncgllglbl« 
V«68.6 m/s 


T6 

Ap^.6 psla 
V-16.7 m/s 
T7 

Ap^l.8 psla 
V<>88.6 m/s 

t8 

ApaS.O psla 
V*79.2 m/s 

Ap^negllglble 
V-I6.7 m/s 
TIO 

Ap*4isgllglbls 
V-68.6 m/s 

-fiU 

Ap"49.8 psla 
V-16.7 m/s 


80-2122-13F-28 | 1 


TAUii 5a. - Nozsls Avsragss 


PLANE 

MEAN 

MEAN 

TEST 

PLANE 

MEAN 

MEAN 

[NCHES 

DIA.UM 

VEL.(N/S) 

CONDITION 

INCHES 

DIA.UM 

VEL.(M/S) 

4 

34 

22.0 

B12 

4 

120 

32.0 

3 

2 

1.5 

40 

43 

45 

24.0 

27.0 
31.0 

Ap«46.8 psla 
V^33.5 a/s 

3 

2 

1.5 

126 

124 

135 

26.6 

23.4 : 

20.4 

1 

45 

32.0 


1 

125 

18.1 

.5 

DENSE 

SPRAY 


.5 

124 

17.1 

4 

55 

60.8 

B13 

4 

101 

58.1 

3 

2 

1.5 

55 

55 

55 

57.1 

45.8 

40.0 

Ap«43.9 psla 
V«68,l ■/• 

3 

2 

1.5 

100 

108 

108 

47.1 

37.8 

28.7 i 

1 

52 

33.0 


1 

106 

25.6 

.5 

50 

18.0 


.5 

- 

16.8 

4 

60 

56.2 

B14 

4 

102 

56.7 

3 

2 

1.5 

58 

58 

56 

53.0 

46.3 

41.4 

Ap"*38.0 psla 
V-79.2 m/s 

3 

2 

1.5 

104 

108 

112 

52.3 1 

42.1 

34.0 

1 

55 

34.0 


1 

107 

26.1 

.5 

53 

17.4 


.5 

110 

16.0 

4 

41 

58.7 

B15 

4 

116 1 

15.7 

3 

41 

56.0 


3 

116 : 

15.2 

2 

1.5 

41 

40 

47.2 

42.3 

Ap-40.0 psla 
V-22.0 Ws 

2 

1.5 

116 1 
114 

14.8 

14.7 

1 

36 

27.3 


1 

115 

14.5 

.5 

- 

26.0 


.5 

109 

14.5 

4 

43 

15.1 

B16 

4 

117 

19.1 

2 

40 

13.3 


3 

117 

18.0 

4 

57 

58.6 

Ap-49.8 psla 
V-16.7 Ws 

2 

1.5 

110 

106 

17.1 

16.4 

2 

55 

46.0 


1 

108 

15.9 





.5 

108 

15.4 

4 

44 

51.5 





2 ■ " 

44 

39.4 

B17 

4 

107 

32.0 

4 

2 

29 

32 

9.5 

8.4 

Ap-46.8 psla 
V-33.5 W» 

3 

2 

1.5 

111 

112 

119 

27.4 

25.7 

23.8 





1 

114 

16.7 

4 

57 

60.7 


.5 

111 

14.6 

2 

56 

49.2 








B18 

4 

105 

54.3 i 

4 

111 

21.8 


3 

106 

50.8 

3 

119 

20.4 

Ap-43.9 psla 

2 

113 

36.5 

2 

114 

19.7 

V-68.6 

1.5 

114 

32.0 

1.5 

111 

19.2 


1 

118 

26.0 

1 

112 

19.0 


.5 

114 

16.3 

.5 

112 

19.0 






28 


TABLE 5bk *■ Hdiil* Av*ng«* 


TEST 

PLANE 


MEAN 

CONDITION 

INCHES 


VEL.(M/S) 

BI9 

4 

^ s sr 

52.4 

Ap*38.0 psla 

3 

2 


51.0 

38.4 

V^79.2 ■/■ 

1.5 

’;a 

33.8 


.1 

1.0 

26.8 


.5 

l.iO 

16.0 

B20 

4 

123 

13.5 

Ap*40 pala 

3 

2 

122 

123 

12.6 

12.1 

V-22.0 ■/• 

1.5 

128 

11.5 


1 

119 

11.8 


.5 

105 

11.2 

m. 

4 

111 

30.9 


3 

111 

27.6 

App49.8 psla 

2 

111 

23.6 

V»16 . 7 m/a 

1.5 

111 

22.1 


1 

126 

19.8 


.5 

112 

18.2 

L22 

4 

109 

36.7 


3 

102 

35.2 

Ap«46.8 pala 

2 

99 

30.6 

V-33.5 m/a 

1.5 

100 

27.3 


1 

108 

22.1 


.5 

103 

17.8 

L23 

4 

106 

62.2 


3 

104 

57.7 

Ap«43.9 pala 

2 

111 

48.7 

V«68.6 m/s 

1.5 

117 

41.0 


1 

108 

29.8 


.5 

- 

18.6 

L24 

4 

106 

58.6 


3 

107 

53.7 

Ap«38.0 pala 

2 

112 

42.6 

V-79.2 m/s 

1.5 

109 

35.6 


1 

110 

26.6 


.5 

113 

16.7 

L25 

4 

116 

14.8 


3 

116 

14.4 

Ap*40 psla 

2 

110 

14.1 

V-22.0 m/s 

1.5 

104 

13.6 


1 

106 

13.7 


.5 

99 

14.3 


80-2122-13F-29 


f 


TEST 

PLANE 

MEAN 

MEAN ** 

CONDITION 

INCHES 

DIA.UM 

VEL.(M/S) 

S26 

4 

87 

23.3 i 

Ap-89.8 psla 

3 

92 

23.7 

V«16,7 m/a 

2 

92 ' 

22.1 f; 

1.5 

95 

17.8 1 


1 

96 

17.2 


.5 

90 

23.2 

: ' i 1 

S27 

4 

25 

38.8 ^ ^ 

Ap-86.8 psla 

3 

31 

36.0 

V^33.5 m/a 

2 

25 

34.2 1 

1.5 

30 

28.0 : 


1 

30 

24.2 I 


.5 

28 

19.1 

S28 

4 

no 

54.4 

Ap-83.9 pala 
V-68.6 m/a 

3 

2 

116 

101 

50.9 1 

48.4 

1.5 

101 

46.4 


1 

104 

31.5 1 


.5 

97 

25.7 

S29 

4 

97 

55.0 

Ap-78 psla 
V-79.2 m/s 

3 

2 

97 

96 

51.1 

47.0 

1.5 

100 

38.0 


1 

120 

29.7 


.5 

130 

22.6 i 

: !i 

S30 

4 

41 

15.2 1 

Ap-80 psla 
V-22.0 ®/a 

3 

2 

40 

44 

15.2 

14.8 1 

1.5 

40 

14.3 


1 

39 

13.4 f 



42 

13.7 

B031 

4 

40 

19.7 

Ap-57.8 psla 
V-16.7 B/s 

3 

2 

38 

41 

18.2 

15.7 


1.5 

26 

14.1 


1 

29 

13.5 ( 


.5 

36 

12.1 j 

B032 

4 

28 

37.5 t 

Ap-54.8 psla 
V-33.5 m/s 

3 

2 

31 

32 

32.9 1 

26.6 1 

1.5 

32 

22.2 1 


1 

32 

18.9 Vi 


.5 

35 

14.1 . 1 

■ V •*.. 


' •»» ♦ ^ 

1 

i'F 



LI' 

' sy'- 








TEST 

CONDITION 

B033 

Ap>S1.9 psla 
V-68.6 •/• 


B034 

Ap*46 psia 
V-79.2 Wa 


B035 

Ap«46 paia 
V«22.0 ai/s 


B036 

Ap>49.8 pala 
V-16.7 «/» 


B037 

Ap"46.8 paia 
V-33.5 m/s 


B038 

Ap-43.9 paia 

V-68i6 m/s 


B039 

Ap-38«0 paia 
V-79.2 m/s 


80-2122-139^30 


TABLE Sci - Nosxla Avaragaa 


PLANE 

MEAN 

»{BAN 

TEST 

PLANE 

KEAN 

MEAN 

INCMES 

DZA.UM 

VEL.(M/S) 

CONDITION 

INCHES 

DUAiM 

VEL.(M/S) 

4 

55 1 

1 ' 

62.8 

B040 

4 

123 

14.8 

3 

2 

1.5 

53 

53 

52 

59 .i9 
47.8 
42.15 

Ap"40 paia 
V-22.0 

1 ' 
1.5 

115 

iP 

110 

14.9 
' 14.4 
14.6 

1 

55 

32.|1 


1 

94 

13.3 

.5 

51 

25.6 


.5 

93 

12.3 


4 

3 

2 

1.5 

1 

.5 


55 

54 
53 

55 
52 
52 


59.2 

57.9 

47.6 
47.0 

38.7 
29.5 


4 

3 

2 

1.5 

1 

.5 


31 
33 
33 

32 

35 

36 


12.2 

11.3 

10.1 

9.4 

8.4 
8.7 


3 

2.5 
2 

1.5 
1 


94 

92 

100 

108 

105 

99 


21.6 

20.7 

19.8 
20.1 
18.6 
18.0 


4 

3 

2 

1.5 

1 

.5 


104 

101 

102 

103 

100 

83 


36.4 

34.3 

31.4 

28.4 
23.6 
14.8 


4 

3 

2 

1.5 

1 

.5 


125 

133 

120 

131 

125 

129 


59.7 

54.8 
41.1 

35.8 

28.8 

17.9 


4 

3 

2 

1.5 

1 

.5 


102 

107 

122 

123 

121 


56.2 
52.1 
40.5 

34.8 

29.9 

17.3 


4.5 S«l»cf d Phototr«ph» 


Individual photogcapha of aaveral tagt conditiona warn cakan 
just prior to droplet data acqulaition:. Thoae photographa appear on 
the following pagea (Figure 12) . Equipaent probleaw prevented photo- 
grapha of every teat condition froa being preaented. 






B18 

B19 




FIGURE 12(a). 

NOZZLE SPRAY PHOTOGRAPHS^ 
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B031 


B031 



B032 B035 

FIGURE 12(d). NOZZLE SPRAY PHOTOGRAPHS 
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B037 


ORir.TNAT, PAGK IS 

''\i.\r\ 


B038 



B039 


B040 


FIGURL lJ(o). NOZZLE SPRAY PHOTOGRAPHS 
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5.0 DISCUSSION 

Droplet dlaneters ranging from 9 to 240 microns vara encountarad 
In thi 40 nocxla tapt conditions. Droplet valocltiea from 8 to over 60 
i^tars/sac. vara measured. Nominal air velocities are stated, but actual 
air velocities were not determined for the modified entrance screen to 
the test section (see Section 3.3). Air velocity effects on the spray 
formation are apparent from several photos (e.g.. B18. B19, L22, L24, B032t 
B038) . Although the nozzle support tube was designed with the aero- 
dynamics of the flow in mind, the shedding of vortices off the convergent 
section had drastic effects on the symmetry of tbe spray. It would have 
been very difficult to provide a uniform coaxial airflow (at the desired 
velocities) with objects the size and shape of the Injectors located 
centrally to that flow. 

For the purpose of this discussion, the results are categorized 
by nozzle type: electronic, alr-asslsted mechanical, and mechanical 

pintle. 

Four (4) electronically operated Injectors were Investigated 
(Table 6). All were nearly Identical In external design and all were 
operated In the same manner, A constant voltage (12 VDC) was applied 
to each to open the Injector. All 8 nozzles measured In these tests 
were operated with continuous flow. Transient effects, due to pulsating 
fuel flow, on droplet size were not studied. The droplet size data 
obtained for the four electronic Injectors showed remarkable consistency. 

No trends in size Were observed with distance from the Injector exit. 


NOMIKAL planar DATA 

TEST AP (NOZZLE) AIR VELOCITY DROPLET SIZE (MICRONS) f| DROPLET VELOCITY gTs* 

POINT NOZZLE (psl) (m/s) 0^5 t 1,0 j| 1.5 II 2.0 |3.0t 4.0 II 0.5 I 1.0 I 1.5 I 2,0 j 3.0 
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Velocity daca» however » generally increaaed with downatrcaai dlatance. 
Velociciea at the 0*S" plane (very near injector exit) ehowed an 
tmteAsti with increasing nozzle preaeure drop. 

Two (2) air-aasiated aechanical injectors were investigated 
(Table 7). These nozzles required the addition of atomizing shVoud 
air mixed with the fuel in the injector body. These nozzles produced 
significantly smaller sized droplets than the electronic nozzles. An 
increase in shroud sir pressure produced smaller droplets (e.g. T9). 

Again f each nozzle produced nearly consistent droplet sizes at all 
downstream planes and for most operating conditions. The smaller 
droplets of these nozzles responded more quickly to the sir velocities. 

Data missing from Table 7 was not obtained due to a lack of time 
to complete the experiment. Test point B4 did not produce a spray. 

The fuel exited the Injector as a Jet without atomizing. Unfortunately, 
photographs for the test conditions were unavailable. 

Two (2) mechanical pintle injectors were Investigated (Table 8). 
These Injectors produced relatively different droplet sizes under different 
test conditions. The nozzle pressure drop did nat change significantly 
between conditions. From the available photographs, the spray sheet of 
test point S27 (Figure 12c) appears to be undergoing breakup in about one- 
half the distance as the spray sheet of test point S26 (Figure 12c) . 

This effect may corrrelate with the difference in droplet size. Droplet 
velocities are consistent with the nominal air velocities. 

Experimental ertor cannot be rejected as a possibility in explain- 
ing the size differences. Data on test points S27, S30, 8031,8032, and 
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B035 were obtained in Ch« Initial stages of the test. There is reason 
to believe that the Spectron visibility processor's prototype auto gain ' 
control was not operating properly. The system was set by the auto gain 
circuitry to be more sensitive to smaller droplets to the apparent ex- 
clusion of larger droplets present ih the spray. This problem wss corrected » 
but the effect on data collected up to that time was not deterndned. 

No error analysis of the data was provided because of time lisd-ta** 
Cions . Planned publication of synoptic results will include such analysis. 



CONCLUSIONS 


6»0 

Hcasurcaents were complfited on thn droplet atze and veloettlca 
of coDBMrcial fuel injectora, Theie data were obtained under repreaenta- 
tive operating condltlona. The apatlal droplet alze* veloelty and the 
alze-veloclcy correlatlona produced under thla prograa representa a 
unique characterization of spray nozzles thair was, herecofore, unavailable. 

Although there are sooe dlacrepancles In the results, described 
In the discussion, the voluiBlnous amount of data presented Is In most 
part believed to be accurate. Primarily, the early results were the 
only data In question. The consistency In droplet size for the various 
types of nozzles (electronic, alr-asslst mechanical, and the mechanical 
pintle) was reassuring. 

Some airflow instability affects were apparent In these measure- 
ments. However, the airflow velocity did not produce significant changes 
In the droplet size distribution, only In their velocity. In future 
measurements. It would be useful to better model the manifold or other 
nozzle environment. 

The Droplet Sizing Interferometer experienced little difficulty 
In producing the spray size and velocity measurements . Under some condi- 
tions of Inefficient atomization, the size distributions at the 0,5 Inch 
station were siispect. This was in part due to incomplete breakup of the 
fuel ligaments and in part due to excessively high number densities. 

Future measurements of both the air and the fuel velocities would be 
useful to evaluate air-fUel mixing. Also, more complex fluid dynamics 
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consisting of svlrllng flows should bs studied. In these eppllcetlons* 
frequency shifting should be used to resolve reversed flows end to more 
eccuretely determine the redial velocity component. Overell» the smesure'' 
ment technique wee proved to be cepeble of providing complete sprey 
cherecterlzetlon dete. 
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